A numerical and experimental study is performed of the effects of coherent structures on inertial range stress-strain tensor alignments. Data from two turbulent shear flows, namely, Kolmogorov flow at moderate Reynolds number and the intermediate cylinder wake at higher Reynolds number, are considered. Both flows exhibit large-scale coherent structures, consisting of vortices separated by straining regions. These different regions are analyzed using conditional phase averaging. The phase-averaged results, both from direct numerical simulation and experiments, reveal that the most likely angle between the most extensive strain-rate and negative stress eigenvectors is about 45°at the vortex centers. The most likely angle decreases to between 0°and 20°near the saddle points that occur between the vortices. By subtracting a similarity type term ͑such as a Leonard stress͒ from the subgrid scale stress tensor, the remainder stress is shown to align much better with the strain-rate tensor, under all conditions including the vortex centers. It is concluded that while large-scale coherent structures can affect small-scale stress-strain rate alignments directly, the effect occurs primarily through the Leonard-type stresses and is thus straightforward to account for in large eddy simulations using mixed models. More detailed investigation of the eigenvector alignments between the strain rate and the decomposed negative nonlinear model terms −S 2 , S⍀ + ⍀S, and ⍀ 2 ͑where S and ⍀ are the strain-rate and rotation tensors, respectively͒ highlights the relevance of each of these terms in different regions of the large-scale coherent structures.
I. INTRODUCTION
The dynamical interplay between large-and small-scale structures is central to the energy cascade in turbulent flows. This interplay is also of interest in the context of large eddy simulations ͑LES͒, where the response of small-scale structures to given resolved turbulent fields, or large-scale structures, must be parametrized. Among the phenomena characterizing the large scales of turbulent flows, coherent structures are the most ubiquitous, as can be inferred from a rich body of literature. [1] [2] [3] In prior work, 4-6 it was shown that coherent structures have a direct impact on the rate of energy exchange between turbulent motions occurring at scales much smaller than the size of the coherent structures themselves. In these works it was also shown that these trends were not well reproduced by classic eddy-viscosity models, but that so-called mixed models were able to reproduce the observations quite well. In the present work, our objective is to attempt to better understand these empirical observations. We use a geometric-statistical approach to describe the relative vector and tensor alignments of important turbulence quantities in flows with coherent structures, at moderate to high Reynolds numbers. Specifically, we quantify the effects of coherent structures on the stress-strain tensor alignments-the latter being directly responsible for the rate of exchange of kinetic energy among length scales in the flow. The data are obtained from direct numerical simulation ͑DNS͒ and wind-tunnel experiments in a turbulent wake behind a circular cylinder.
The present analysis uses a decomposition of the flow into small ͑subgrid or subfilter͒ and large ͑resolved͒ scales by performing spatial filtering using a filter kernel G ⌬ ͑x͒ at a scale ⌬. [7] [8] [9] [10] The subgrid ͑small͒ scale momentum fluxes affecting the resolved scales are represented by the subgrid scale ͑SGS͒ stress tensor defined as follows:
where˜represents a convolution with G ⌬ ͑x͒ and u i is the velocity component in i direction. The most important feature of the SGS stress tensor is how it affects the mean kinetic energy budget of the resolved velocity field. 10, 11 The dominant effect is through the SGS kinetic energy dissipation ⌸ which arises from interactions between subgrid and resolved scales and is defined as follows:
As the contraction of two tensors, the SGS kinetic energy dissipation can be written as ⌸ = trace͑− · S ͒. Here, both ij and S ij are symmetric and real. Each of the tensors can be decomposed into their respective real eigenvalues and eigenvectors as follows:
where ␣, ␤, and ␥ are the eigenvalues, ␣, ␤, and ␥ are the eigenvectors, and the transposed vector is represented with a superscript T. Following Tao et al., 12 in Eq. ͑4͒ we take the negative of the SGS stress since for eddy-viscosity models − =2 t S . As usual, the eigenvalues are ordered as follows ␣ ജ ␤ ജ ␥, and the corresponding eigenvectors ␣, ␤, and ␥ are named as the extensive, intermediate, and the contracting eigenvectors, respectively. From continuity in incompressible flow the strain-rate eigenvalues satisfy ␣ S + ␤ S + ␥ S =0, which requires ␣ S ജ 0, ␥ S ഛ 0, and either ␤ S ജ 0 or ␤ S Ͻ 0. In terms of eigenvalues and eigenvectors, the SGS kinetic energy dissipation can be expressed as
where ͑a , b͒ = cos Ј and Ј is the angle between the vectors a and b. Therefore, the SGS dissipation is governed by the joint statistics of geometric alignments of the SGS stress and strain-rate tensors and their eigenvalues. We remark that Eq. ͑5͒ is expressed with six eigenvalues and nine angles, however, only three angles , , and uniquely define the orientation of all three stress eigenvectors in a space defined by the strain-rate eigenvectors ͑for details, see Sec. III below and also Tao et al.͒. 12 Recently Tao et al. 12 studied the SGS stress-strain alignments based on three-dimensional holographic particle image velocimetry measurements in a turbulent duct flow. They identified a bimodal behavior of the relative alignment ͑two preferred three-dimensional alignments͒ between eigenvectors of S ij and − ij in the three-dimensional joint probability density function ͑PDF͒ of alignment angles: ͑1͒ the most contracting SGS stress eigenvector ͑␥ or ␣ − ͒ is preferentially aligned at 32°to the most extensive strain-rate eigenvector ͑␣ S ͒ with the intermediate eigenvectors aligned, and ͑2͒ the intermediate SGS stress eigenvector ͑␤ − ͒ is aligned at 32°to the most extensive strain-rate eigenvector ͑␣ S ͒ with the contracting SGS stress eigenvector ͑␣ − ͒ and the intermediate strain-rate eigenvector ͑␤ S ͒ aligned with each other. Similar trends were obtained in analysis of turbulence data in the atmospheric surface layer. 13 Using analysis of direct numerical simulation data, Horiuti 14 showed that by reordering the eigendirections ␣ S and ␤ S in terms of which one is best aligned with the vorticity of the resolved field, a single peak was obtained instead of the bimodal distribution.
Tao et al. 12 showed that the near 30°stress-strain misalignment can be explained by the Leonard stress, i.e., by the direct effects of the smallest motions within the filtered range of length scales. Specifically, Leonard introduced a decomposition of the SGS stress tensor into three stress tensors, 7 later amended for Galilean invariance by Germano:
where L ij ϵ ũ i ũ j − ũ i ũ j is the Galilean-invariant Leonard stress tensor, C ij ϵ ũ i u j Ј + u i Јũ j − ũ i uЈ j − uЈ i ũ j is the cross-stress tensor, and R ij ϵ u i Јu j Ј − u i Ј u j Ј is the SGS Reynolds stress ten-
and it is similar to the nonlinear model except the prefactor ͑C nl in nonlinear model instead of 1 / 12͒. Previous studies 12, 13 reported that this term is responsible for the observed bimodal behavior. To make this point, they defined the trace free "remainder stress" ⌿ ij by subtracting the nonlinear model from the real SGS stress tensor as follows:
where ͑ ͒ d represents the deviatoric part of a tensor and the coefficient C nl is used instead of 1 / 12 in Eq. ͑7͒ for generality. Good alignment of −⌿ ij d with S ij was found.
12,13
The above conclusions were reached from analysis of flows with no attention to the possible effects of coherent structures. Coherent structures are typically well resolved in LES, when the grid scale is sufficiently fine. The direct coupling of large coherent structures with the turbulent finescale structures has been studied earlier by O'Neil and Meneveau 5 using one-dimensional filtering with a single hotwire probe and by Kang and Meneveau 6 using twodimensional filtering from X-type hot-wire probe arrays. These studies focused on the turbulent wake flow behind a cylinder. There, the most noticeable large-scale structures are the von Kármán vortices which, within the intermediate wake region, are time-periodic. By using the phaseaveraging technique, O'Neil and Meneveau 5 and Kang and Meneveau 6 showed that coherent structures in the turbulent plane wake have considerable impact upon the rate of energy transfer across scales in the inertial range ͑subgrid-scale kinetic energy dissipation͒.
Since coherent structures were seen to significantly affect the SGS dissipation rates occurring at much smaller scales, one is curious to find out whether this effect occurs through a modification of the stress-strain alignment statistics. Thus, to answer the question: "Do large-scale coherent structures affect subgrid stress and strain-rate eigenvector alignments in turbulent shear flow?" we extend our previous cylinder wake flow measurements 6 to quantify geometric alignments. Our specific objective in the present study is to quantify how the eigenvector alignments depend upon position ͑or phase͒ within the coherent structures.
This study is based on data from two flows that contain well-defined large-scale structures. The first is the Kolmogorov flow, which includes an array of counterrotating largescale coherent vortices as a response to an imposed largescale forcing, with straining regions in between the vortices. The data are generated using DNS at moderate Reynolds number. In order to examine a flow at higher Reynolds number allowing us to span a larger range of inertial-range filter scales, we also analyze earlier experimental data taken in the intermediate wake of a circular cylinder. These data include periodic von Kármán vortices, also separated by straining regions. While at high Reynolds number, the measured data contain only two of the three velocity components ͑in the streamwise and cross-stream directions͒, and thus only the two-dimensional filtering and projection of the tensors are available for analysis. Alignment trends measured in the DNS and experimental data will be compared.
II. DESCRIPTION OF DATASETS

A. DNS of Kolmogorov flow
Kolmogorov flow is a flow driven by a deterministic large-scale force in a periodic box. [16] [17] [18] [19] The DNS code is pseudospectral, and Adams-Bashforth is used for a temporal integration. Table I shows the parameters of DNS for Kolmogorov flow. The grid size is N 3 = 256 3 , and the numerical box size is ͑2͒ 3 . To generate an array of large-scale vortices in ͑x 1 , x 2 ͒ plane, the Kolmogorov flow is characterized by an external force of the following form:
where f is the wavenumber to which the external force is applied and A is the forcing amplitude. The external force is applied to the largest available scale, so f = 1. The amplitude A is decided by fixing a constant energy injection rate to be balanced with the dissipation rate ⑀ DNS . The energy injection rate is
where = ͑ 1 , 2 , 3 ͒ and i varies from 1 to 3. The symbols ͑·ˆ͒ and ͑·͒ * denote Fourier mode and complex conjugate, respectively. Hence, by setting
we impose constant energy injection rate ⑀ in . We choose ⑀ in = 0.004. The Kolmogorov scale DNS is selected from the condition max DNS = 1.5. With the mean dissipation rate of ⑀ DNS = 0.004, the numerical viscosity is chosen according to DNS = ͑ DNS 4 ⑀ DNS ͒ 1/3 = ͓͑3/N͒ 4 ⑀ DNS ͔ 1/3 = 4.23ϫ 10 −4 . The constant time step used is ⌬t = 2.5ϫ 10 −3 . The Reynolds number based on A and f is defined as follows:
Since from the DNS, A Ϸ −0.013 and DNS = 4.23ϫ 10 −4 , the Reynolds number becomes about 300, which is much larger value than the critical Reynolds number of 12-13. 18 Therefore, the Kolmogorov flow with the constant energy injection rate remains highly turbulent. The Taylor-scale Reynolds number Re DNS ϵ u 1rms / DNS , where ϵ͑15u 1rms 2 DNS / ⑀ DNS ͒ 1/2 , is about 237. The radial energy spectrum from DNS for Kolmogorov flow normalized with the Kolmogorov parameters ͑ DNS , ⑀ DNS , DNS ͒ is shown with a thick line in Fig. 1 . The Kolmogorov constant is 1.85, which is slightly larger than the usual value of 1.6 in isotropic turbulence. The vertical solid arrow represents the wavenumber corresponding to the forcing scale ͑ f =1͒. The three vertical dashed arrows denote the wavenumbers corresponding to filter scales of ⌬ 1 = 0.05L = 12.8h, ⌬ 2 = 0.1L = 25.6h, and ⌬ 3 = 0.2L = 51.2h, where L =2 is the distance between the vortex centers and h is the numerical grid scale. The same ratios of the filter scale to vortex-spacing distance will be used with the experimental data. The energy spectra Gaussian filtered at each corre- 
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sponding filter scale are shown with the thin lines. By applying the Gaussian filter at those scales, the subgrid-scale stress ij and resolved strain rate S ij tensors are calculated from the DNS results. There is an inertial region over half a decade and the filter scales are in the inertial range. The mean velocity field in ͑x 1 , x 2 ͒ plane with the vorticity contours is shown in Fig. 2͑a͒ . The conditional sampling locations for subsequent analysis are at the vortex centers, middle points, and saddle points, and are denoted with k, Ǣ, and ϫ, respectively. Note that the corners ͓͑0,0͒, ͑0,2͒, ͑2,0͒ or ͑2 ,2͔͒ shown in Fig. 2͑a͒ are the same saddle point, because of the periodic boundary condition. Likewise, there are two vortex centers at ͑0,͒ ͓or ͑2 , ͔͒ and at ͑,0͒ ͓or ͑ ,2͔͒. Using the periodic boundary condition, we sample data at two saddle points ͓at the center ͑ , ͒ and a corner ͑0,0͒, ͑0,2͒, ͑2,0͒, or ͑2 ,2͔͒, at two vortex centers ͓at the center of two sides, ͑0,͒, or ͑2 , ͒, and ͑,0͒, or ͑ ,2͔͒, and at four middle points ͓at the half way between the vortex center and the saddle point at the center, ͑ /2,͒, ͑ , /2͒, ͑3 /2,͒, and ͑ ,3 /2͔͒. The sampling size at each conditional sampling locations is 9 ϫ 9 ϫ 256 points in ͑x 1 , x 2 , x 3 ͒ space. Figure 2͑b͒ shows the phase-averaged experimental data described below.
B. Experimental measurements in the cylinder wake
Experiments are performed in the Corrsin wind tunnel ͑Comte-Bellot and Corrsin͒. 20, 21 The length of the test section is 10 m and the size of its cross section is 1.2 ϫ 0.91 m 2 . A schematic of the experimental setup is shown in Fig.  3 , and additional details about the experimental setup are provided in Kang and Meneveau. 6 A smooth cylinder of diameter D = 4.83 cm and length 1.2 m is placed across the center of the test section. The incoming uniform flow has velocity U ϱ . Also, U CL denotes the minimum velocity occurring at the centerline of the cylinder wake. x 1 and x 2 represent the streamwise and cross-stream directions, respectively, and the corresponding velocity components are u 1 and u 2 . For the present study, the measurement location in the streamwise direction is fixed at x 1 / D = 25.
To obtain the filtered quantities, four custom-made miniature X-type hot-wire probes are used for the velocities in the ͑x 1 , x 2 ͒ plane. 6 2.5 m platinum-coated tungsten wire probes with active length-to-diameter ratio between 210 and 220 are used. The eight hot-wire sensors are operated by TSI IFA300 units in constant temperature anemometry mode. Each probe holder is designed to slide smoothly in the crossstream direction on two supporting rods, so the separation distance h between the probes in the cross-stream direction x 2 can be adjusted manually between 5 and 20 mm. As in previous works, 6, [22] [23] [24] we use a filter scale equal to twice the distance between two probes ͑i.e., ⌬ =2h͒ for the data analysis. Three different filter scales of ⌬ 1 = 10 mm, ⌬ 2 = 20 mm, and ⌬ 3 = 40 mm are considered.
FIG. 2. ͑Color͒. ͑a͒
The mean velocity field with 3 / ͑⑀ 1/3 L −2/3 ͒ vorticity contours in the ͑x 1 , x 2 ͒ plane from DNS for Kolmogorov flow. The conditional sampling locations for analysis are at the vortex centers, middle points, and saddle points, and are shown with k, Ǣ, and ϫ, respectively. ͑b͒ Contours of the normalized phase-averaged spanwise vorticity ͗ 3 ͘c / ͑⑀ 1/3 L −2/3 ͒ from experimental data in cylinder wake flow. Vectors represent the conditionally averaged velocity field in a frame moving at a convection velocity U c of 14.81 m/s. The phases considered are shown with different marks and are fixed to be ⌽ =0 ͑at the vortex center͒, ⌽ = /2 ͑at the middle point between the vortex center and the saddle point͒, and ⌽ = ͑at the saddle point͒. The origin of the ordinate x 2 Ј coincides with the center of the lower vortex, and x 2 Ј= x 2 − 0.72ᐉ. The hot-wire probe array is mounted on a traversing mechanism in the cross-stream ͑x 2 ͒ direction. For in situ calibrations of the hot-wire sensors, an automatic calibration jet controlled by a PC is set up inside the wind tunnel. The calibration of the X-wire at a fixed temperature is performed at fifteen different jet-exit velocities and nine different yaw angles with a constant jet velocity. The calibration procedure is repeated at four different temperatures.
After calibration, the calibration unit is removed from the wind tunnel, and the data are acquired. The signals are sampled at 40 kHz per channel, low-pass filtered at a frequency of 20 kHz, dc shifted and amplified by a factor of 25, and digitized with 12 bit Simultaneous Sample and Hold A/D converter. The sampling time is 60 s, so the total number of data points per channel at a measurement location is 2.4 ϫ 10 6 . The data are sampled at 17 discrete cross-stream locations from the centerline to the wake edge with an increment of 14.4 mm. Table II shows the general parameters of the wake flow at x 1 / D = 25, including the uniform velocity outside the wake flow region U ϱ , the mean centerline velocity U CL , the defect velocity U d , the velocity at the peak mean-vorticity location ͑at x 2 = 0.72ᐉ͒, i.e., the convection velocity of the Kármán vortices U c , the vortex shedding frequency f s , the half-width of the wake ᐉ, and the distance between the vortex centers L. The half-width of the wake ᐉ is defined from ͗u 1 ͘ x 2 =ᐉ = U CL + 1 2 U d , where angle bracket ͗ ͘ represents ensemble averaging. The distance between the vortex centers is based on the convection velocity and the vortex shedding frequency, that is,
The measured turbulence quantities at the centerline ͑x 2 =0͒ and the vortex center height ͑x 2 / ᐉ = 0.72͒ at x 1 / D = 25 including the mean velocities ͗u 1 ͘, the root-mean-square quantities u 1rms and u 2rms , the molecular kinetic energy dissipations ⑀, the Kolmogorov length scales = ͑ 3 / ⑀͒ 1/4 , the Taylor microscales , and the Taylor-scale Reynolds numbers Re are shown in Table III . More detailed information, such as profiles of the mean turbulence statistics including the streamwise and cross-stream rms velocities, and the Reynolds shear stress are shown in Kang and Meneveau. 6 Since the measurement volume ͑Ϸ0.5 mm in diameter͒ of the X-wire probe is about six times larger than the Kolmogorov length scale , the dissipation scale is not sufficiently resolved in the present experiments. Therefore, the viscous dissipation rate ⑀ is obtained from the third-order structure function as described in Lindborg 25 and Kang and Meneveau. 6 Specifically, we obtain the dissipation rate from the third-order structure function and correct it for the finite Reynolds number and inhomogeneity effects by applying the procedure suggested by Lindborg. 25 The Taylor scale is evaluated according to
Then, the Taylor-scale Reynolds number can be calculated from Re = u 1rms / and is shown in Table III . In order to obtain filtered velocity and subfilter scale stress, the signals are processed using the full data from the probe array. A two-dimensional box filter is applied to the streamwise and cross-stream directions, and the trapezoidal rule is used for the spatial integrations ͑Cerutti and Meneveau͒. 22 In the x 2 direction, a four-point discretization is used for evaluating the filtered velocity and SGS stresses. In the streamwise direction, the box filter is approximated using f s ⌬ / ͗u 1 ͘ sampling points and the x 1 derivatives are evaluated using finite differences over a distance h. A threepoint approximation is used for the cross-stream derivatives of velocity. Filtered gradients in the x 2 direction are evaluated using first-order finite differences over a distance h. More details about the filtering and an error analysis are presented in Cerutti and Meneveau 22 and Cerutti et al. 26 Figure 4 shows a comparison between the longitudinal spectrum E 11 ͑ 1 ͒ of the u 1 component and the longitudinal spectrum E 22 ͑ 1 ͒ of the u 2 component multiplied by 3 / 4, measured at the vortex height ͑x 2 / ᐉ = 0.72͒. The spectrum of the box-filtered streamwise velocity at ⌬ / = 250 is shown with lobes. Here, 1 is the longitudinal wavenumber. The three vertical dashed lines correspond to the filter sizes of ⌬ / = 125 ͑10 mm͒, 250 ͑20 mm͒, 500 ͑40 mm͒, or ⌬ / L = 0.05 ͑10 mm͒, 0.1 ͑20 mm͒, 0.2 ͑40 mm͒. All the filter sizes are in the inertial range. Since the noise peak in the longitudinal spectrum of u 1 is in the far dissipation region, quite removed from any of the filter frequencies and scales of interest in this study, no effort is made to remove the noise by additional filtering ͑various attempts such as notch filtering showed no effect on the results͒. It can be clearly observed that E 11 ͑ 1 ͒Ϸ observed by Kang and Meneveau 6 and O'Neil and Meneveau. 5 As shown in Figs. 1 and 4, the ratios of the filter scales ⌬ i to the distance between vortex centers L are the same in the experiments and simulations.
In order to isolate the effect of the large scale coherent structures, conditional averaging of the experimental data is carried out. As in Kang and Meneveau, 6 the digitally bandpass filtered cross-stream velocity fluctuation near the vortex shedding frequency is used in deciding the reference phases ͑0, , 2͒. The local phases ⌽ are defined for each data segment as follows: 6, 28, 29 
where the superscript i denotes the ith Strouhal period, and t 0 ͑or ⌽ =0͒ and t ͑or ⌽ = ͒ correspond to the time instants when the bandpass filtered cross-stream velocity v f crosses zero with a positive gradient dv f / dtϾ 0 ͑or dv f / dx 1 Ͻ 0͒ and a negative gradient dv f / dtϽ 0 ͑or dv f / dx 1 Ͼ 0͒, respectively. The total number of large-scale Kármán vortices generated during the measurement time ͑60 s͒ is about 4300. In Fig. 2͑b͒ , the phase-averaged velocity vectors with components ͗u 1 ͘ c and ͗u 2 ͘ c are plotted. The definition of the phase-average of quantity q is ͗q͘ c = ͗q ͉ ⌽ , x 2 ͘. The convection velocity of the Kármán vortices, U c = 14.81 m / s, has been subtracted from the streamwise velocity component ͗u 1 ͘ c to plot the velocity field in the frame advected with the coherent structures. The ordinate range is from −0.9ᐉ to +2.34ᐉ, and the abscissa extent is from 0 to U c / f s = 2.53ᐉ ͑or 0 to 2 in phase͒ by invoking Taylor's hypothesis with the convection velocity U c . The distance between the vortex centers is L = U c / f s = 0.20 m. More details about the construction of pseudo-two-dimensional contours are presented in Kang and Meneveau. 6 The conditionally averaged spanwise vorticity is evaluated from the phase-averaged velocity field according to
using centered finite differences on the data samples. The phase-averaged spanwise vorticity normalized with ⑀ and L is shown in Fig. 2͑b͒ .
In the present study, we measure the stress and strainrate eigenvector alignments at the height x 2 / ᐉ = 0.72, where the maximum and minimum scaled vorticities ͑at the centers of the coherent structures͒ occur. This location also passes through the high conditional mean strain rate at the saddle point between vortex structures. The phases considered are shown with marks in Fig. 2͑b͒ , namely, ⌽ = 0 or 2 ͑at the vortex center, k͒, ⌽ = /2 ͑half way between the vortex center and the saddle point, Ǣ͒, and ⌽ = ͑at the saddle point, ϫ͒. Figure 5͑a͒ shows the contours of the mean SGS kinetic energy dissipation for the Kolmogorov flow from DNS. The contours represent −͗ ij S ij ͘ at a filter scale of ⌬ 2 = 0.1L = 25.6h = 53.6 DNS normalized with the molecular kinetic energy dissipation ⑀ DNS . While the minima occur at the vortex center, there are maxima elongated along the diverging separatrix at the saddle points where the strain-rate magnitude becomes maximum. Therefore, a significant impact of the vortex structure upon the SGS dissipation is observed in this flow.
III. RESULTS
A. Conditionally averaged SGS dissipation
To obtain the SGS dissipation from the experimental data, in which only two velocity components are measured, we use isotropy assumption for moments involving the missing component in the spanwise x 3 direction. The phaseaveraged surrogate SGS kinetic energy dissipation
The contours of phaseaveraged surrogate SGS kinetic energy dissipation at a filter scale of ⌬ 2 = 0.1L ͑⌬ 2 = 250͒ normalized with the molecular kinetic energy dissipation at the centerline ⑀ CL are shown in Fig. 5͑b͒ . As in the Kolmogorov flow, there are clear maxima at the saddle points where the strain-rate magnitude becomes maximum. Also, the distribution of the large SGS kinetic energy dissipation is elongated along the diverging separatrices. Therefore, similar to the DNS result shown in Fig.  5͑a͒ , it can be concluded that the coherent structures have significant impact upon the SGS dissipation. The strain state parameter was proposed by Lund and Rogers 31 to characterize the deformation of a fluid element as follows:
where s * is bounded in between Ϫ1 ͑axisymmetric contraction͒ and 1 ͑axisymmetric extension͒ due to the incompressibility condition ͑␣ S + ␤ S + ␥ S =0͒. It is well known 31 that the most probable strain state in the isotropic turbulence is axisymmetric extension. The averaged s * in ͑x 1 , x 2 ͒ plane obtained from DNS data is shown in Fig. 5͑c͒ . While the low s * occurs at the vortex center ͑still it is positive value͒, the high s * occurs at the saddle point. The high s * regions are well correlated with the high-dissipation regions in Fig. 5͑a͒ . The regions with high s * are strongly elongated with the diverging separatrices.
B. Stress strain-rate alignment trends
Equation ͑5͒ is expressed with six eigenvalues and nine angles, however, only three angles , , and uniquely define the orientation of all three stress eigenvectors ͑␣ − , ␤ − , and ␥ − ͒ in a space defined by the strain-rate eigenvectors ͑␣ S , ␤ S , and ␥ S ͒ as shown in Fig. 6 . 12 The angle is defined as the angle between the most extensive eigenvectors, that is, = cos Fig. 7 , it is clear that there are two distinct peaks, which implies two preferential three-dimensional alignments, that is, a bimodal characteristic. This bimodal behavior in the alignment between eigenvectors was also observed by Tao et al. 12 and Higgins et al.
13
The first peak occurs at cos͓͑␣ − − ␣ S ͔͒ Ϸ 0.73− 0.83
. This indicates that ␤ − is parallel to ␤ S , whereas the angles between ␣ − and ␣ S and between ␥ − and ␥ S are in the range 34°-44°, in the ͑␣ S , ␥ S ͒ plane. This first peak location coincides with that from another DNS results of isotropic turbulence at Re = 93. 12 The second peak is located at 
from DNS at a filter scale of ⌬ 2 = 0.1L = 25.6h ͑⌬ 2 = 53.6 DNS ͒.
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32°from the other studies. 12, 13 Generally, as the filter scale increases, the level of the peaks and in the first peak decrease.
Recall that Andreotti 32 suggested to reorder the eigenvectors with respect to the alignment with the vorticity vector, and Horiuti 14 showed that the bimodal behavior does not occur when using the reordering. The reordering thus provides interesting complementary information highlighting the effects of resolved vorticity. In the present work, we continue to use the strain-rate eigensystem as determined uniquely by the strain-rate's intrinsic properties, thus avoiding a basis that continually changes depending upon additional variables such as vorticity. In this intrinsically defined strain system we describe the alignments of vorticity, stress eigenvectors, etc., instead of redefining the underlying basis depending upon observed alignment behaviors.
Next, we examine the effects of coherent structures on the alignment PDFs. Figures 8͑a͒-8͑c͒ show conditionally sampled three-dimensional joint PDFs at the vortex center, middle point, and saddle point, respectively, at the intermediate filter scale of ⌬ 2 / L = 0.1. To discretize the condition points, 9 ϫ 9 point sub-data-sets in ͑x 1 , x 2 ͒ plane are used, that extend along the entire x 3 direction. The sub-data-sets are centered at the condition points. While at the vortex center the most probable alignments occur at ͑␣ − − ␣ S ͒Ϸ40°, at the saddle point the alignment trend shifts closer toward ͑␣ − − ␣ S ͒Ϸ0°.
For a comparison between experimental and DNS results at various phases ͑or locations͒ near the large-scale coherent structures, the three-dimensional PDF of all three angles shown in Fig. 8 is not convenient to directly compare with the single PDFs that will be measurable from experimental data. Therefore, a single PDF of ͓͑␣ − − ␣ S ͔͒ is obtained by the projection of the three-dimensional PDF onto the cos axis. Figure 9 shows the single PDFs P͑cos͓͑␣ − − ␣ S ͔͒͒ from DNS for Kolmogorov flow with three different filter scales, and at the three phase values considered ͑at the vortex center, the middle point, and the saddle point͒. The single PDFs in Fig. 9 are obtained by using 100 bins of equal width for cos͓͑␣ − − ␣ S ͔͒, but then plotting the results as functions of the angle instead of its cosine. At the vortex center ͓Fig. 9͑a͔͒ the most preferential angle occurs at 42°, independent of the filter scale. Moving from the vortex center ͓Fig. 9͑a͔͒ to the saddle point ͓Fig. 9͑c͔͒, the probability near 42°de-creases. As the filter scale increases, the probability near 0°͑ in the range 0°Շ Շ 25°͒ increases significantly.
In the experimental data, since two velocity components are measured in ͑x 1 , x 2 ͒ plane, only the two-dimensional projection of the tensors is available for analysis. Therefore, from Eq. ͑5͒ the two-dimensional SGS dissipation can be expressed with eigenvalues and only one angle between the large eigenvectors ␣ − and ␣ S , where ␣ and ␥ denote the large and small eigenvectors, instead of denoting "extensive" and "compressive" directions since in the two-dimensional analysis, we cannot be sure about the sign of the third eigenvalue. We subtract the twodimensional trace from the two-dimensional stress and strain-rate tensors, hence the deviatoric parts of the twodimensional stress and strain-rate tensors are defined as 
The quantity in the parenthesis is always positive, so the dissipation ⌸ 2D is negative only when Ͼ 45°. The twodimensional phase-averaged SGS dissipation ͗⌸ 2D ͑⌽͒͘ can also be expressed as follows:
where
cos 2 is the twodimensional conditional SGS dissipation, and P͑⌽ , ͒ is the 
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phase-averaged PDF as a function of local phase ⌽ and angle . Here, varies from 0 to /2. For conditional averaging, 19 data bins are used to discretize the phase ͓see Fig. 2͑b͔͒ . The length of each of the 19 consecutive data bins corresponds to 0.083ᐉ in the streamwise direction, and occupies only 3.33% of one period of the vortex street. Only the bins centered at the three condition points ⌽ =0, /2, or are used. In terms of , the PDF is divided into 18 bins of equal width of 5°. Figure 10 shows the phased-averaged probability density function P͑⌽ , ͒ of the angle between the large eigenvectors ␣ − and ␣ S with three different filter scales, and at the three phase values considered ͑at the vortex center, the middle point, and the saddle point͒. At the vortex center the most preferential angle is about 42°with relatively high probability, depending on the filter scale as shown in Fig. 10͑a͒ . At the intermediate phase ͓⌽ = / 2; Fig. 10͑b͔͒ , both the most preferential angle and the peak level decrease compared to those at the vortex center, and the PDFs are nearly scale invariant. As the phase increases from the vortex center ͓⌽ = 0; Fig. 10͑a͔͒ to the saddle point ͓⌽ = ; Fig. 10͑c͔͒ , the most preferential angle decreases significantly. This dependency of the PDF on the phase can be more clearly observed, when the PDFs are replotted at fixed filter scales as shown in Fig. 11 . With the increase of the phase from the vortex center ͑⌽ =0͒ to the saddle point ͑⌽ = ͒ the probability near 0°͑at 0°Շ Շ 25°͒ increases, while the probability at Ϸ 40°de-creases. The larger the filter scale is, the more clear the trend is. Also, this trend is consistent with the DNS result shown in Fig. 9 . Therefore, we can conclude that the angles between the eigenvectors of the strain-rate and negative stress tensors increase near the vortex center, while they decrease near the saddle point.
C. Alignments of the remainder stress with strain-rate tensor
The results shown in the preceding section clearly show that coherent structures directly affect the stress and strainrate tensor alignments. The next question is whether these trends can be simply explained by subtracting a Leonardtype or nonlinear model type term from the SGS stress. If so, the remainder stress ͓see Eq. ͑8͔͒ is expected to be well aligned with the strain-rate tensor, independent of detailed location within the coherent structures ͑phase͒ or filter scales.
From the DNS results the eigenvector alignments between the negative remainder stress tensor
͒ and resolved strain-rate tensor S ij can be investigated in terms of the three-dimensional PDF. Figure 12 shows the global and conditional three-dimensional PDFs at the intermediate filter scale. The coefficient of C nl =1/12 is selected. ͑When the procedure of Ref. 12 is used in determining C nl by minimizing the mean least-square error between L ij d and L ij *d , the result is C nl Ϸ 0.047 and it causes unreasonable relative alignments between the eigenvectors of −⌿ ij d and S ij .͒ With C nl =1/12 no bimodal behavior is observed in Fig. 12 , and the most preferential angle is cos͓͑␣ −⌿ − ␣ S ͔͒ Ϸ 1.0 ͑or ͑␣ −⌿ − ␣ S ͒Ϸ0°͒, and ͑␥ −⌿ − ␥ S p ͒ Ͻ 20°. The high-level probability in a range of 0°ഛ ഛ 90°is due to the projection of ␣ −⌿ nearly aligned with ␣ S onto the ͑␤ S , ␥ S ͒ plane. Moving from the vortex center ͓Fig. 12͑b͔͒ to the saddle point ͓Fig. 12͑d͔͒, the probability at ͑␣ −⌿ − ␣ S ͒Ϸ0°increases. A similar behavior is observed for the other filter scales ͑not shown͒. We conclude that the remainder stress can be correctly predicted by the isotropic eddy viscosity model, and thus the nonlinear term can account for the nontrivial and bimodal eigenvector alignments independent of the filter scale and location relative to the coherent structures. Figure 13 shows the single-angle PDF P͑cos͓͑␣ −⌿ − ␣ S ͔͒͒. Here, is the angle between the most extensive eigenvector of the remainder stress tensor ␣ −⌿ and the most extensive eigenvector of the strain-rate tensor ␣ S . The single PDFs are sampled at the vortex center ͑a͒, the middle point ͑b͒, and the saddle point ͑c͒. Not only in the global PDF but also in the conditionally sampled PDF, the most preferential angle occurs at Ϸ 0, and the probability at Ϸ 0 increases with the increase of the filter scale. FIG. 11 . Phase-averaged probability density function P͑⌽ , ͒ as a function of local phase ⌽ and the angle between the largest eigenvectors ␣ − and ␣ S at the vortex center height x 2 / ᐉ = 0.72 at three different phase locations, the vortex center ͑circles͒, the middle point ͑squares͒, and the saddle point ͑triangles͒: ͑a͒ with ⌬ 1 / L = 0.05; ͑b͒ with ⌬ 2 / L = 0.1; ͑c͒ with ⌬ 3 / L = 0.2.
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Next, we consider the remainder stress alignment statistics obtained from the experimental data. There, L ij * is rewritten for the two-dimensional filtering in x 1 and x 2 directions: 13, 33 L ij
where i and j vary from 1 to 2, since only the two velocity components are available in the tensor projection. Therefore, we define the two-dimensional trace-free remainder stress ⌿ ij 2D of Eq. ͑8͒ and two-dimensional stain-rate tensor S ij 2D as
and
respectively, where i, j, k, and m vary from 1 to 2. For consistency with the analysis of DNS, we use C nl =1/12. Figure 14 shows the PDFs as a function of local phase ⌽ and the angle between the largest eigenvectors of the remainder stress and strain-rate tensors, for three different filter scales. Comparing the PDFs between Figs. 14 and 11, it is observed that the peak levels of the PDFs in Fig. 14 are significantly reduced and the peaks occur at smaller angles compared to those in Fig. 11 , for all the phases. This indicates that the eigenvector alignments between the negative remainder stress and strain-rate tensors are significantly better than those between the negative stress and strain-rate tensors. However, the PDF at the vortex center with large filter scales still has a peak ͑though it is reduced͒ at the larger angle ͑ Ϸ 37°͒ as shown in Figs. 14͑b͒ and 14͑c͒ . Also, the PDF depends on both the filter scale and phase. Separate tests using two-dimensional filtering on the DNS data show that the discrepancies at the vortex center are due mainly to the limitation of two-dimensional filtering in the experiment.
D. Results using spectral filter
In this section, we repeat the analysis of alignments using a spectral cutoff filter. The analysis is only performed on the DNS data, since in the experimental data we cannot apply a spectral filter in the lateral direction. Figure 15͑a͒ 
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shows the global three-dimensional joint PDFs of relative alignment between eigenvectors of − ij d and S ij at a filter scale of ⌬ 2 / L = 0.1. The bimodal behavior can be observed as in the case of the Gaussian filter shown in Fig. 7 , except that the peak level is lower, around 0.7. Still, considering that a perfect random alignment gives a uniform probability of 1/͑ /2͒ 2 = 0.406, the peak levels of 0.7 confirm that the bimodal behavior exists also for the spectral filter. 34, 35 Next, the alignment of remainder stresses are considered. Note that theoretically, when the spectral cutoff filter is used in Taylor series expansion of the Galilean-invariant Leonard stress tensor L ij , the prefactor cannot be decided because the spectral cutoff filter's second moment is not finite. However, by minimizing the mean least-square error between L ij d and L ij *d we obtain C nl Ϸ 0.11, which is used in this study. The eigenvectors of the negative remainder stress and the strain-rate tensors are aligned well with each other, as shown in Fig. 15͑b͒ . However, again the probability at =0, = 0, and = 0 is much lower than that in the case of using the Gaussian filter shown in Fig. 12 .
E. Alignments of the decomposed stresses with strain-rate tensor
The negative nonlinear model in Eq. ͑7͒ can be decomposed as follows:
and where ⍀ ij ϵ 1 2 ͑‫ץ‬ũ i /‫ץ‬x j −‫ץ‬ũ j /‫ץ‬x i ͒ is the rotation tensor at the scale ⌬. In this section the alignment trend of each term is examined separately from the data. Since it is difficult to define the rotation tensor with the two-dimensional data obtained from the cylinder wake flow, the results are compared only with those from DNS data in Kolmogorov flow.
As can be shown ͑see the Appendix͒, the alignment of −S ik S kj with S ij is deterministic and takes on a bimodal distribution depending on the sign of the intermediate eigenvalue ␤ S . The angle between the eigenvectors of −T ij SS and S ij
Conversely, for the less frequent events when Measured results for the second term are shown in Fig.  16͑a͒ . As can be seen, the highest probability of alignment between −T ij OO and S ij occurs at ͑␣ −T OO − ␣ S ͒ϳ90°and ͑␣ −T OO p − ␤ S ͒ = 0°, along the axis, although the probability peak is weak. This behavior can be understood from canonical behavior as explained in the Appendix.
Alignment trends for the remaining cross terms are shown in Fig. 16͑b͒ . As can be seen, the alignment is very strong and, in agreement with the observations of Horiuti, 14 this term is mainly responsible for the misalignment ͑around 45°͒. As argued in the Appendix, the alignment trends of this decomposed term can be explained based on canonical vorticity alignments and dominance of axisymmetric expansion. There, it is shown that the dominant alignment between −T ij SO and S ij is expected to be ͑ , , ͒ = ͑45°,90°,0°͒, when vorticity vector is aligned with ␤ S . However, in the cases when the vorticity vector is aligned with ␣ S , the most preferential angle between −T ij SO and S ij becomes ͑ , , ͒ = ͑90°,45°,0°͒. Globally it does not have the dominant effect, however, its non-negligible contribution to the alignment statistics is clear as shown in Fig. 16͑b͒ . Now, we focus on the eigenvector alignments between the decomposed stress and strain-rate tensors from the point of view of conditional averaging in different regions of the coherent structures. As we approach the saddle point, more frequent axisymmetric extensions ͑s * =1͒ or extensional deformations ͑s * Ͼ 1͒ are expected from Fig. 5͑c͒ . Therefore, the probability of the eigenvector alignments between FIG. 15. Three-dimensional joint PDFs from DNS for Kolmogorov flow using spectral cutoff filtered at a filter scale of ⌬ 2 / L = 0.1: ͑a͒ the relative alignment between eigenvectors of negative SGS stress and strain-rate tensors; ͑b͒ the relative alignment between eigenvectors of negative remainder stress and strain-rate tensors.
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−͑⌬ 2 /12͒S ik S kj and S ij near the saddle point increases at ͑ , , ͒ = ͑90°,0°,0°͒ and decreases at ͑ , , ͒ = ͑90°,0°,90°͒ ͑not shown here͒. Figure 17 shows three-dimensional joint PDFs of relative angle alignment between eigenvectors of and S ij at the conditional sampling locations. Since the vorticity vector is closely aligned with the intermediate strain-rate eigenvector independent of the sampling locations, we can expect that the preferential angle falls along the axis with ͑ = 90°, =0°͒ as shown in Fig. 17͑a͒ . However, as we approach the saddle point, the high probability occurs at a plane of cos = 1 as shown in Fig. 17͑c͒ . This is mainly due to both the relative probability increase of the vorticity vectors which are well aligned with the extensive strain-rate eigenvector and the nonlinearity of the cosine function. 
FIG. 17. Three-dimensional joint PDF of the relative alignment between eigenvectors of S ij and ͑⌬ 2 /12͒⍀ ik ⍀ kj from DNS results for Kolmogorov flow at a filter scale of ⌬ 2 / L = 0.1: ͑a͒ at the vortex center; ͑b͒ at the middle point between the vortex center and saddle point; ͑c͒ at the saddle point.
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Effect of large-scale coherent structures Phys. Fluids 17, 055103 ͑2005͒ cur near the saddle point, the probability at ͑ , , ͒ = ͑45°,90°,0°͒ is higher compared to that near the vortex center as shown in Fig. 18͑c͒ . Also, near the saddle point the non-negligible probability of the vorticity vector aligned with the extensive strain eigenvector causes a clear probability at ͑ , , ͒ = ͑90°,45°,0°͒.
Next, we address the question of which term or terms in Eq. ͑25͒ are most responsible for the nontrivial eigenvector alignment between the SGS stress and strain-rate tensors. By combining the decomposed stresses in Eq. ͑25͒ and subtracting them from the SGS stress, we repeat the analysis in Sec. III C for the global and conditional statistics.
The three-dimensional PDF of angle alignments between eigenvectors of S ij and − ij − ͑⌬ 2 /12͒͑S ik ⍀ kj + S jk ⍀ ki ͒ is plotted in Fig. 19͑a͒ . There is a peak at ͑ , , ͒ = ͑90°,0°,0°͒. This is due to the high probability of alignments between eigenvectors of the remaining term −S ik S kj and S ij , which occurs at this very same angle as argued before. Similar effect can be expected from the eigenvector alignments between − ij − ͑⌬ 2 /12͒͑S ik ⍀ kj + S jk ⍀ ki + ⍀ ik ⍀ kj ͒ and S ij , since it too does not include the −S 2 term. as shown in Fig. 19͑b͒ .
Conversely, when ͑⌬ 2 /12͒͑S ik ⍀ kj + S jk ⍀ ki − S ik S kj ͒ is subtracted from the negative SGS stress tensor, then the eigenvectors of − ij − ͑⌬ 2 /12͒͑S ik ⍀ kj + S jk ⍀ ki − S ik S kj ͒ and S ij are very well aligned with each other as shown in 19͑c͒. This implies that the two terms −S 2 and S⍀ + ⍀S are the ones mainly responsible for the nontrivial eigenvector alignments observed in the global turbulence field. Now, the only remaining question is whether the same result can also be obtained in the conditionally sampled turbulence fields. Figures 20͑a͒-20͑c͒ show the threedimensional joint PDF of the relative eigenvector alignment between S ij and − ij − ͑⌬ 2 /12͒͑S ik ⍀ kj + S jk ⍀ ki − S ik S kj ͒ at the vortex center, at the middle point between the vortex center and saddle point, and at the saddle point, respectively. At the middle and saddle points ͓Figs. 20͑b͒ and 20͑c͔͒, the alignment behavior is similar to that in the global turbulence field. However, at the vortex center in Fig. 20͑a͒ , a probability peak near at ͑ , , ͒ = ͑90°,0°,32°͒ can still be observed. This indicates that −͑⌬ 2 /12͒⍀ ik ⍀ kj retains a significant effect on the eigenvector alignments at the vortex center.
To conclude the analysis of the decomposed stresses, we obtain the SGS dissipation of each term in Eq. ͑25͒ using the analysis in Sec. III E, and discuss the contribution of each term to the SGS dissipation in both the global and conditional averages.
The normalized mean SGS kinetic energy dissipation predicted from the nonlinear model −͗L ij * S ij ͘ / ⑀ DNS is shown in Fig. 21͑a͒ . Qualitatively, the distribution of the maxima at saddle points and minima near the vortex centers coincides with that in Fig. 5͑a͒ . Comparing the contour levels, the nonlinear model ͑with C nl =1/12͒ underpredicts the magnitude of the SGS dissipation.
The pation by the first term becomes −͑⌬ 2 /12͒S ik S kj S ij = ͑⌬ 2 /4͒␣ S ␤ S ͑␣ S + ␤ S ͒. Since ␣ S ജ 0 and ␣ S ജ ␤ S , the sign of ͑⌬ 2 /4͒␣ S ␤ S ͑␣ S + ␤ S ͒ is decided by only the sign of ␤ S . For example, while the forward SGS dissipation occurs for ␤ S Ͼ 0 ͑extensional deformations͒, the energy is inversely transferred from subgrid to resolved scales for ␤ S Ͻ 0 ͑contracting deformations͒. Because the extension is more dominant at the saddle point than the other conditional sampling locations ͓Fig. 5͑c͔͒, we can expect large magnitude of the forward SGS kinetic energy dissipation at the saddle point. 
FIG. 20. Three-dimensional joint PDF of the relative alignment between eigenvectors of S ij and − ij − ͑⌬ 2 /12͒͑S ik ⍀ kj + S jk ⍀ ki − S ik S kj ͒ from DNS results for Kolmogorov flow at a filter scale of ⌬ 2 / L = 0.1: ͑a͒ at the vortex center; ͑b͒ at the middle point between the vortex center and saddle point; ͑c͒ at the saddle point.
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Also, the probability of the contraction is higher at the vortex center than at the other conditional sampling locations, though the mean strain-state parameter at the vortex center is positive. Hence, the net SGS dissipation at the vortex center is expected to be significantly lower than at the other locations.
The SGS dissipation by the second term ͑⌬ 2 /12͒⍀ ik ⍀ kj S ij can be evaluated by assuming the canonical behavior of axisymmetric extension ͑␣ S , ␤ S , ␥ S ͒ = ͑␣ S , ␣ S ,−2␣ S ͒ as strain state, and canonical vorticity alignment i = ␤ ␤ S . The dissipation then becomes ͑⌬ 2 /48͒ ␤ 2 ␣ S Ͼ 0. While the vorticity magnitude is larger near the vortex center than near the saddle point, the value of ␣ S is much larger and the extension is more dominant near the saddle point than near the vortex center.
By the definition of S ij and ⍀ ij , the contribution of the S⍀ + ⍀S term to the SGS dissipation disappears, i.e.
14 So, only the first two terms among the decomposed terms in Eq. ͑25͒, −͑⌬ 2 /12͒S ik S kj and ͑⌬ 2 /12͒⍀ ik ⍀ kj , govern the SGS kinetic energy dissipation.
IV. SUMMARY AND CONCLUSIONS
The SGS dissipation is governed by geometric alignment statistics of the SGS stress and strain-rate tensors. The objective of this work is to investigate the effect of large-scale coherent structures on subgrid stress and strain-rate eigenvector alignments in canonical turbulent shear flows. To this end, a numerical and experimental study of eigenvector alignments in flows with coherent large-scale structures has been performed.
From the DNS results in Kolmogorov flow, the global three-dimensional joint PDFs of the relative alignments between eigenvectors of − ij and S ij verify a bimodal characteristic ͑two preferential three-dimensional alignments͒. 12, 13 The DNS results also show that the angle between the most extensive eigenvectors at the vortex center increases significantly ͑up to 42°͒, compared to the preferential angle at the saddle point where the alignment angle is, instead, closer to 0°. Consistently with this result, the experimental results show that the preferential angle between the most extensive strain-rate and negative stress eigenvectors is largest near the vortex center, while it decreases near the saddle point.
The relative alignments between the eigenvectors of the remainder stress and strain-rate tensors are also investigated. In three-dimensional filtering, the eigenvectors of the remainder stress tensor are well aligned to those of the strainrate tensor at all the locations within coherent structures considered. In the experimental results using two-dimensional filtering, the peak levels of the PDFs are lower.
Following Horiuti, 14 an analysis of the decomposed negative nonlinear term shows that the alignment trends with −S 2 are deterministic and thus very strong, that the other dominant effect is the term S⍀ + ⍀S that is mainly responsible for the 45°misalignment ͑but not for SGS dissipation͒, and that the term ⍀ 2 maintains an effect when statistics are conditioned with respect to the coherent structures near the vortex center.
From this study we can conclude that the coherent structures in the turbulent plane wake have considerable impact upon not only the rate of energy transfer across scales in the inertial range ͑subgrid-scale kinetic energy dissipation 6 ͒ but also upon the alignments between the subgrid stress and resolved strain-rate eigenvectors. Encouragingly for LES, this effect upon the alignment is straightforward to take into account by means of similarity-type or nonlinear models. In experimental a priori tests, these models have shown better performances than the eddy-viscosity ͑Smagorinsky͒ model to predict the effect of the large-scale coherent motions on the SGS dissipation, 5, 6 and to reproduce the momentum and passive scalar anisotropies in a heated wake. 23 For a review of literature showing improved simulation results using mixed models, see Meneveau and Katz. 10 Already the simulations reported in Vreman et al. 36 display such improvements in mixing layers dominated by large-scale coherent structures. Similar improvements can be expected from deconvolution models 34, 35 that to first order have properties similar to those of the non-linear model.
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APPENDIX: ANALYSIS OF MOST PROBABLE DECOMPOSED STRESS ALIGNMENTS
In this appendix the alignment trends of each term in Eq. ͑25͒ are examined using the expected simple canonical behavior ͑axisymmetric extension͒ and dominant alignments of the resolved strain-rate and rotation tensors.
In one case, we assume that the vorticity vector is perfectly aligned with the intermediate strain-rate eigenvector, 12, 37 i.e., i = ␤ ␤ S . In the strain-rate tensor's eigenvector space, the strain-rate and rotation tensors become SS are aligned with ␥ S and ␣ S , respectively. This leads to angle alignments of ͑ , , ͒ = ͑90°,0°,90°͒. We remark that when ␤ S =0 ͑s * = 0, plane shear͒, the angle alignments fall on the axis with ͑ , ͒ = ͑90°,0°͒.
Since the extensions ͑␤ S Ͼ 0 or s * Ͼ 0͒ are more probable than the contractions ͑␤ S Ͻ 0 or s * Ͻ 0͒, the probability at ͑ , , ͒ = ͑90°,0°,0°͒ is much higher than that at ͑ , , ͒ = ͑90°,0°,90°͒.
The second term in Eq. ͑25͒, −T ij OO ϵ ⍀ ik ⍀ kj , under the assumption that the vorticity vector is perfectly aligned with the intermediate strain-rate eigenvector is − T OO = ␤ 
͑A6͒
In this case, the most extensive eigenvector ␣ −T OO of −T ij OO is aligned with ␣ S , and the angle between the intermediate eigenvector of −T ij OO and ␤ S , or between the contracting eigenvector of −T ij OO and ␥ S is in the ͑␤ S , ␥ S ͒ plane. Therefore, the angle alignment between the eigenvectors of −T ij OO and S ij is ͑␣ −T OO − ␣ S ͒ = 0°, which explains the non-negligible high probability at ͑cos =1, , ͒ as shown in Fig. 16͑a͒ . Since the axisymmetric extensions are more dominant than any other strain states, henceforth, we assume axisymmetric extension for the preferential strain state to simplify the tensor product of S ik and ⍀ kj . The remaining term −T ij SO ϵ S ik ⍀ kj + S jk ⍀ ki in Eq. ͑25͒ becomes ͓assuming axisymmetric extension ͑␤ S = ␣ S and ␥ S =−2␣ S , and i = ␤ ␤ S ͔: Here, the intermediate eigenvector ␤ −T SO of −T ij SO is aligned with ␣ S , and the angle between the extensive eigenvectors of −T ij SO and ␤ S , or between the contracting eigenvectors of −T ij SO and ␥ S is 45°in the ͑␤ S , ␥ S ͒ plane. Therefore, the most preferential alignment between the eigenvectors of −T ij SO and S ij becomes ͑ , , ͒ = ͑90°,45°,0°͒. In the global average, it does not have the dominant effect, however, its nonnegligible contribution to the alignment statistics is clear as shown in Fig. 16͑b͒ .
